Thiazolidinedione (TZD) therapy has been associated with increased risk of bone fractures. Studies in rodents have led to a model in which decreased bone quality in response to TZDs is due to a competition of lineage commitment between osteoblasts and adipocytes for a common precursor cell resulting in decreased osteoblast numbers. Our goal was to investigate the effects of TZD exposure on osteoblast-adipocyte lineage determination from primary human bone marrow stromal cells (hBMSCs) both in vitro and in vivo from non-diabetic subjects and patients with type 2 diabetics. Our experimental design included two phases. Phase 1: An in vitro study of TZDs effects on hBMSCs differentiation into osteoblasts and adipocytes in non-diabetic subjects. Phase 2: a randomized placebo controlled trial to determine the effects of six month pioglitazone treatment in vivo on hBMSC differentiation using adipocyte/osteoblast colony forming unit assays in patients with type 2 diabetes. In vitro, TZDs (pioglitazone and rosiglitazone) enhanced adipogenesis of hBMSCs while neither altered osteoblast differentiation and/or function as measured by alkaline phosphatase activity, gene expression, and mineralization. The ability of TZDs to enhance adipogenesis occurred at a specific time/stage of the differentiation process and
pre-treating with TZDs did not further enhance adipogenesis. In vivo, six month TZD treatment decreased osteoblast precursors, increased adipocyte precursors, and increased total colony number in patients with type 2 diabetes. Our results indicate that TZD exposure in vitro potently stimulates adipogenesis but does not directly alter osteoblast differentiation/mineralization or lineage commitment from hBMSCs. TZD-treatment in type 2 diabetic patients however results in decreased osteoblastogenesis from hBMSCs compared to placebo indicating an indirect negative effect on osteoblasts suggesting an alternative model by which TZDs might negatively regulate bone quality.
Keywords
osteoblast; adipocyte; human bone marrow; osteoporosis; drug-induced osteopenia Thiazolidinediones (TZDs) are effective oral anti-diabetic agents used by approximately 20% of adult patients with type 2 diabetes in the U.S 1, 2 . TZDs enhance insulin sensitivity mainly at the level of muscle and adipose tissue resulting in increased insulin-dependent glucose disposal 3, 4 . TZDs function as agonists for the peroxisome proliferator-activated receptor-gamma (PPARγ) [5] [6] [7] which, when activated, regulate the transcription of multiple genes encoding proteins that modulate glucose and lipid metabolism 8 . Several studies have reported that TZD therapy is also effective in preventing the progression of prediabetes to type 2 diabetes [9] [10] [11] . Recent studies have linked the use of TZDs to osteoporosis and increased risk of bone fractures in patients with diabetes and prediabetes [12] [13] [14] [15] as well as in healthy postmenopausal women 16 (reviewed in [17] [18] [19] [20] . The mechanism(s) by which TZDs negatively influence bone quality in humans and particularly in diabetics is not well understood.
A leading hypothesis to explain the negative effect of TZDs on bone quality focuses on the lineage commitment of adipocytes and bone forming osteoblasts. Adipocytes and osteoblasts originate from the same pluripotent mesenchymal stem cells and the idea that there is an inverse relationship between the two cell types has long been held 21 . Commitment of pluripotent stromal cells towards the osteoblast lineage is regulated by the key osteoblastic transcription factors Runx2 and osterix (reviewed in 22 ) whereas adipocyte commitment is regulated by key adipocyte transcription factors including the C/EBP, ADD1 (Adipocyte Determination and Differentiation factor/sterol regulatory element binding protein (SREBP1)), and PPAR protein families (reviewed in 23 ). It has been proposed that a competition exists whereby increased adipogenesis from a common multipotent precursor cell would reduce the number of potential osteoblasts and this decreased bone forming potential would ultimately lead to decreased bone quality. Based on the strong activation of PPARγ by TZDs and subsequent enhanced adipogenesis the competition model has been suggested to explain the negative effect of TZDs on bone 24 . Studies investigating the competition hypothesis in rodent models have produced conflicting results. Whereas two initial studies identified a direct negative effect of TZDs on osteoblast number and cell function 25, 26 another suggested TZDs only affected bone loss in estrogen deprived rats, with no change in osteoblast number 27 and yet another study identified an increase in osteoblast apoptosis 28 .
The growing body of research suggests that the competition model may not be sufficient to explain the complexities of the effects of TZDs on bone quality as well as in the context of diabetes. Accordingly, to investigate the effects of TZDs (rosiglitazone (ROSI) and pioglitazone (PIO)) on bone marrow cells in diabetic patients we conducted two sets of experiments; 1) an in vitro study on hBMSC differentiation into osteoblasts and adipocytes in non-diabetic and diabetic subjects and 2) a pilot randomized placebo controlled trial to determine the effect(s) of six month PIO treatment on the differentiation of multipotent bone marrow stromal cells to either the adipocyte or osteoblast lineage in diabetic patients using colony forming unit (CFU) assays. Collectively, our findings suggest an alternative hypothesis to the current model of adipocyte-osteoblast lineage competition from BMSCs.
Materials and Methods
All studies were approved by the Emory Institutional Review Board to be performed at Grady Memorial Hospital and Emory University Hospital, Atlanta, GA and all subjects gave written informed consent. The study was registered at clinicaltrials.gov under study no. NCT 00927355.
In vitro-studies in bone marrow from non-diabetic subjects
We obtained bone marrow specimens from 9 subjects (6 males/3 females) between the ages of 27 and 54 years undergoing elective iliac crest bone graft harvest to reconstruct continuity defects of the mandible following ablative surgery for a variety of diagnoses. We excluded subjects with a history of diabetes or those who have received insulin or oral anti-diabetic therapy, relevant hepatic disease or impaired renal function (serum creatinine ≥ 2.0 mg/dl). All reconstruction was for non-cancerous patients with no history of osteoporosis or use of bisphosphonates.
Randomized controlled trial with TZD therapy in patients with type 2 diabetes
To determine the effects of PIO on BMSCs in diabetic patients, a six month randomized trial compared the effects of PIO (Takeda Pharmaceuticals Inc., Deerfield, Il), 30 mg (2×15mg) daily, with placebo (Cebocap 1: Forest Pharmaceuticals Inc., St. Louis, MO) on BMD. Ten patients with a history of type 2 diabetes were recruited from the Grady Diabetes Clinic between July 2009 and March 2010. Study drug was dispensed by the research pharmacist using block randomization for blinded treatment allocation. Exclusion and inclusion criteria and patient demographics are detailed in the Supplemental Materials.
Bone marrow aspiration
Bone marrow aspirations were performed on diabetic volunteers at baseline, prior to initiation of study drugs, and after 6 months of TZD treatment or placebo. As such, each volunteer acted as their own control. Local anesthesia (2% lidocaine) was applied prior to aspiration of ~10 mls of bone marrow from the posterior iliac crest using a 16 gauge bone marrow aspiration needle attached to a 20 ml heparinized syringe.
Isolation and culture of multipotent human bone marrow cells (hBMCs)
Whole bone marrow was obtained from patients described above and diluted 1:20 in DMEM (Hyclone, Thermo Fisher Scientific, Waltham, MA) containing 10% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA) supplemented with 2 mM L-glutamine (Hyclone), 100 units/ml penicillin and 100 μg/ml streptomycin (Cellgro, Mediatech, Manassas VA) (growth medium) and grown at 37°C and 5% CO 2 . Half of the medium was changed 5 days after initial plating. The removed medium was re-plated with an equal amount of fresh growth medium. A full medium change was performed approximately 10 days after initial plating. Ten days later the cells were subcultured onto 24 and 96 well plates as needed. Differentiation protocols were initiated approximately one week later. One potential limitation to this plating/isolation protocol is that the differentiation of these cells to other lineages such as myocytes and chondrocytes was not tested and therefore the pluripotent nature has not been fully characterized.
Osteoblast growth and differentiation studies
Osteoblast differentiation medium consisted of; alpha MEM (Irvine Scientific, Santa Ana CA) supplemented with (50μg/mL) ascorbic acid, 4mM beta-glycerophosphate and 10nM Dexamethasone (Sigma Chemical Co. (St. Louis, MO)). Differentiated osteoblasts were stained for mineralization with 0.1% Alizarin red S for 20 minutes, then rinsed in dH 2 O, dried and photographed as described previously 29 . Differentiating osteoblasts were stained in situ for alkaline phosphatase, and alkaline phosphatase enzyme activity was measured as described previously 29 . Osteoblast viability was measured using 2,3-bis (2-methoxy-4nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide (XTT) assay according to the manufacturer protocol (Promega, Madison, WI). Cells were plated at approximately 5×10 3 cells/100 μL per well in 96-well plates and after the indicated treatments the change in absorbance to XTT assay reagent was measured on a Bio-Rad Lumimark plate reader (Bio-Rad Laboratories).
Adipocyte differentiation studies
Adipogenesis was initiated 2 days after confluency with the DMEM medium containing 10%FBS in addition to insulin (10μg/mL), isomethylbutylxanthine (500μM), and dexamethasone (1μM) (Sigma). Three days after initiation cell medium was changed to DMEM+10%FBS and insulin (10μg/mL) and medium was changed every 3-5 days. TZDs (Caymen Chemical Co., Ann Arbor MI) were added as indicated. Accumulated lipid was measured on 24 well plates using Adipored according to manufacturer's instructions (Lonza, Walkersville, MD)) and quantified on 384/96-well Fluoroskan Ascent Fluorometer/ Luminometer (Thermo Labsystems, Waltham, MA).
Colony Forming Unit (CFU) assays
Bone marrow was diluted 1:20 in growth medium (DMEM+10% FBS) and plated on either 6-well or 10cm culture plates for 21 days with medium changes every 3-4 days. Osteoblast or adipocyte differentiation was performed using the protocols above. Cells on 6-well plates were stained approximately 24 days after initiation of differentiation and 10cm plates were harvested for RNA. The CFU results derived from the randomized placebo controlled trial are presented as percent change from the baseline visit for each subject.
RNA isolation and quantitative real time PCR (qPCR)
Total RNA was isolated using TRizol (Invitrogen, Carlsbad, CA). cDNA was generated using QuantiTect® Reverse Transcription kit (QIAGEN, Valencia, CA). Real-time PCR was performed using QuantiFast ™ SYBR® Green PCR kit (QIAGEN) on an Applied Biosystems-7000 thermocycler. Primers were designed by the website qPrimerDepot (http:// primerdepot.nci.nih.gov/) and the sequences detailed in Supplemental Table S2 . Results were calculated using the ΔΔCT method.
Data Analysis
Data were analyzed by one-way analysis of variance (ANOVA) with Tukey-Kramer multiple comparisons posttest for parametric data or Kruskal-Wallis posttest for nonparametric data and non-paired student T-test when noted, with statistical significance set at P < 0.05 using GraphPad InStat.
Results

The effects of TZDs on osteoblast differentiation in vitro
Using traditional endpoints of mineralization, lipid storage, and gene expression we confirmed the ability of our hBMSC culture methods to differentiate to multiple lineages including osteoblasts (Supplemental Fig. S1 ,A,B,C) and adipocytes (Supplemental Fig.  S2A,B ). To discern the direct effects of different TZDs on osteoblast and adipocyte lineage determination from hBMSCs a series of differentiation studies were performed on subcultured cells. Osteoblast differentiation was initiated and medium supplemented with TZDs as indicated. Neither ROSI nor PIO noticeably altered osteoblast mineral deposition as measured by alizarin Red S staining (Fig. 1A) . In situ staining for alkaline phosphatase also did not detect a change in response to TZDs (Fig. 1A) however a more sensitive enzyme activity assay did measure a significant increase in response to TZD treatment (Fig.  1B) . Analysis of gene expression for the osteoblast marker genes Runx2 and osteocalcin revealed a small but non-significant decrease in response to PIO (Fig. 1C ). Analysis of cell viability detected a small but non-significant increase in viability (Fig. 1D ) using a physiological range of TZD concentrations (0.3-3.0 μM).
To determine the effect of TZDs on precursor cells, hBMSCs were treated with PIO five days prior to addition of differentiation medium. No change was detected in either mineralization or ALP activity ( Fig. 2A,B ). Treatment of cells after the initiation of differentiation likewise had no discernible effect on mineralization ( Fig. 2A, bottom panel) . The phosphate transport inhibitor, Foscarnet, known to inhibit mineralization was used as a positive control and in fact inhibited mineralization ( Fig. 2C ). Taken together, the results suggest no detectable direct negative effect of TZDs on the differentiation of hBMSCs to osteoblasts.
The effects of TZDs on adipocyte differentiation in vitro
To determine the effect of TZDs on adipogenesis, hBMSCs were analyzed at various stages of adipocyte differentiation. TZDs added at the initiation of differentiation significantly enhanced lipid accumulation (Fig. 3A ) which was also detectable by light microscopy and Oil-red-O staining (not shown), similar to previous results from rodent models 24 . Results are similar with samples from both non-diabetic and diabetic patients. TZDs alone, in the absence of differentiation medium, did not increase adipogenesis as measured by lipid accumulation (Fig. 3B ). As expected from the increase in lipid storage, addition of TZDs increased the expression of adipocyte differentiation genes such as PPARγ and aP2 (Fig.  3C) . To determine the effects of TZDs on precursor cells, hBMSCs were treated with TZDs five days prior to addition of differentiation medium and lipid accumulation was measured after twenty days. Results revealed no additional increase in lipid accumulation relative to cells treated with TZDs at the time of differentiation initiation (Fig. 3D ). Gene expression studies correlated these findings (Fig. 3E ). Contrary to the pretreatment results, addition of TZDs five days after the switch to differentiation medium resulted in significantly less accumulated lipid relative to treatment with TZDs at initiation (Fig. 3F) . The results suggest that the ability of TZDs to enhance adipogenesis only occurs at a specific time of the differentiation process and that at least in vitro, TZDs in the absence of the differentiation program do not alter adipocyte precursor number.
Effects of TZDs on colony forming unit assays
Colony forming Unit (CFU) assays were used to measure the number of "precursor" multipotent cells capable of differentiating to a particular lineage in vitro [30] [31] [32] . It is possible that TZDs have a differential effect on the earliest precursor cells, thus we performed CFUassays for adipocytes and osteoblast from individual donors in vitro to determine the direct effects of TZDs on lineage commitment. To measure the number of adipocyte positive colonies (CFU-AD) the plates were stained for lipid accumulation with Oil-Red-O and positive and negative colonies confirmed by microscopy ( Fig. 4A, left panel) . Colonies which stained positive and negative for Oil-Red-O were counted and the percent of positive colonies relative to the total number was calculated. The same whole bone marrow was also used analyze the ability of hBMSCs to differentiate along the osteoblast lineage (CFU-OB) staining for ALP (NBT/BCIP) or mineralization (Alizarin Red S) (Fig. 4A , middle and right panel). Similar to the sub-cultured cell populations, PIO strongly stimulated adipocyte colony formation (Fig. 4B) , however pretreatment of cells with PIO for five to fourteen days did not further stimulate adipogenesis (Fig. 4C ) suggesting no effect on lineage commitment. In contrast, osteoblast colony formation was not altered by addition of PIO, in vitro (Fig. 4D) . The results were correlated by expression of the differentiation marker genes; adiponectin and osteocalcin (Fig. 4E&F) . The results suggest that at least in vitro PIO does not alter lineage choice but promotes adipogenesis in the presence of differentiation stimuli.
Clinical, metabolic, and Bone Mineral Density features during the 6 month TZD therapy
A total of ten diabetic patients underwent a six month pilot randomized trial comparing the effect of PIO (n=5) and placebo (n=5). Baseline patient characteristics are described in Table 1 . Patients were well matched and there were no differences in clinical features, glucose and Hemoglobin A1c, between groups or between baseline and final visit, except for a larger decrease in HbA1c in the PIO treated patients from baseline, nearing significance (P=0.07) (Supplemental Fig. S3A ,B,C). Patients in our study were on metformin, sulfonylurea, or a combination of both drugs resulting in stable serum glucose levels. Although the study was underpowered for the following endpoints, the data are included in the supplemental materials for the sake of completeness. The change in BMD at the femoral neck and lumbar spine was measured (Supplemental Fig. S3D ,E) as well as serum markers of bone metabolism at baseline and final visit (Supplemental Table 1 ).
In vivo effects of TZDs on colony forming unit assays and gene expression
To determine the effect of PIO on BMSC lineage choice in vivo, a bone marrow aspiration was obtained from patients at baseline and after six months of treatment with PIO or placebo. The bone marrow was used for ex vivo CFU-OB and CFU-AD assays using the same protocol described for the in vitro studies above. Results revealed a decrease in the number of osteoblast positive colonies as assessed by Alizarin Red S and ALP staining in the PIO treated patients (Fig. 5A ). Analysis of RNA from these colonies correlated with decreased osteoblastogenesis (Fig. 5B ). Contrary to the osteoblast CFUs, adipocyte CFUs demonstrated an increase in PIO treated patients, correlated by subsequent RNA analyses (Fig. 5C&D ). We additionally analyzed the number of total colonies per patient at both baseline and final visit. Treatment with PIO resulted in a significant increase in the total number of colonies formed (Fig. 5E ). The data suggest that TZD treatment in vivo results in a general increase in marrow adipocytes and a decrease in osteoblasts. Taken with the lack of a direct effect of TZDs on osteoblastogenesis in vitro, these results suggest a possible indirect effect of PIO on osteoblast lineage determination. The increase in the total number of stromal cells suggests that TZDs may promote expansion as opposed to competition for a limited number of precursors.
Discussion
Few studies have investigated the effect(s) of PPARγ activation by TZDs on primary human bone marrow stromal stem cell differentiation in vitro, and to our knowledge, this is the first study that investigated the bone effect(s) in vivo. In contrast to a number of studies in rodents, our in vitro studies did not identify a direct effect of either PIO or ROSI on osteoblast differentiation or mineralization. We utilized CFU assays to determine that exposure of multipotent hBMSCs to TZDs prior to osteoblast differentiation, likewise, had no negative effect. In agreement with our results, Bruedigam et al., found no negative effect of TZDs on osteoblast differentiation from hBMSCs. One possible explanation for the differences in human and murine cells may relate to the extent of glucocorticoid receptor expression in the different cell types previously demonstrated to influence the effects of TZDs on osteoblasts 33 .
Our in vitro studies revealed a promoting effect of TZDs on adipogenesis from hBMSCs, in agreement with previous results from both rodent models 24, 34 and humans [35] [36] [37] . Our study indicates that TZDs promote adipogenesis at a particular stage of differentiation from hBMSCs. Pretreatment of hBMSCs before initiation of adipogenesis did not alter the amount of lipid formed/stored and suggest that the cell must be "primed" to choose the adipocyte lineage for TZDs to effect outcome, at least in vitro. Furthermore, TZDs failed to greatly increase lipid formation five days after differentiation had been initiated but prior to terminal differentiation, suggesting the effects of TZDs are restricted to a specific stage of differentiation. Given that the early stage of adipogenesis requires the temporally coordinated regulation of a number of transcription factors 38 the result suggests that the influence of PPARγ activation on adipocyte differentiation requires activation of other factors and/or signal transduction pathways. The results together with our in vitro osteoblast findings suggest that the effect of TZDs on osteoblast differentiation and/or function might require the "context" of the bone marrow microenvironment such as the ability to interact with other cell types and/or autocrine/paracrine signals.
To determine the potential effects of TZD-treatment in the context of the marrow environment we performed, to our knowledge, the first conducted randomized placebo controlled pilot study to simultaneously examine the effects of PIO on bone at a cellular and clinical level in patients with type 2 diabetes. Our studies using CFU assays for adipocytes and osteoblasts suggest that PIO increases adipogenesis and indirectly alters osteoblastogenesis but does not alter lineage choice, a finding that is being reported in humans for the first time. Interestingly, we observed a significant increase in the number of CFUs from PIO treated patients. The increase in precursors cells is in agreement with a previous study in mice demonstrating an increase in circulating levels of mesenchymal and hematopoietic progenitor cells in response to ROSI treatment 39 and a human study demonstrating a PIO induced increase in bone marrow derived endothelial progenitor cells 40 . These results provide evidence that TZDs do not necessarily limit the number of multipotent precursors but may actually expand the pool.
Our results suggest an alternative model to the competition model to explain the negative effects of TZD on bone, one that focuses on the TZD-induced effects on adipogenesis in the bone marrow as the driving influence on bone quality. The ability of adipocytes to act as endocrine cells capable of secreting biological active factors "adipokines" has gained increasing appreciation in the last decade and could represent a mechanism by which increased adipogenesis influences bone quality. A reciprocal relationship between bone quality and marrow adiposity has been observed in humans and rodents in response to TZDs 41 , aging 42, 43 and glucocorticoid treatment (reviewed in 44 ); however, not all studies support this association [45] [46] [47] . A number of adipokines are currently being investigated for potential roles in regulating bone with leptin and adiponectin being the primary focus 48 . Recently other potential factors have begun to gain attention such as the Wnt family of secreted signaling factors which are thought to play a key role in the regulation of osteo/ adipo lineage choice 49, 50 . The relationship between adipokines and bone quality is rapidly becoming an area of growing interest and future investigations are required to not only understand any regulatory relationship and adipocyte source, but also if these factors could be manipulated for human health benefits 51 . The roles of specific adipokines in the regulation of bone quality can be assessed using the evolving array of transgenic mouse models. A recent study in mice has identified fibroblast growth factor FGF21 as a critical regulator of adipocyte/osteoblast lineage determination in response to ROSI 52 using just such an approach and represents a novel link between adipocyte and bone quality.
The TZD class of drugs is effective in the control of diabetes; however, long-term use of TZDs may be limited by the negative effect on bone quality. It is therefore important to understand the mechanism of action of these drugs on various cell types as future design of this class might allow for the use in diabetes control with limited negative effects. An increased understanding of how this class of drugs alters the bone marrow microenvironment and the relevant target cells in humans will also shed light on the poorly understood inverse relationship between marrow adiposity and bone quality. Results presented herein provide novel insights into the deleterious effects of TZDs on bone quality in diabetics and support a model in which TZD-induced adipogenesis may be a significant influencing factor on osteoblast differentiation and function. 
